When Cu wafers are exposed to H 2 /N 2 plasma, hillocks are formed on the Cu wafer surface by a plasma cleaner with a surface wave plasma source. Plasma cleaning is divided into the initial stage and the rising temperature stage. Under a supply of H 2 /N 2 gas and with the plasma power turned on, the H radicals first restore native copper oxide to pure copper. The N radicals then compete with the H radicals, and diffuse to the Cu grain boundary, which is the initial stage. During the rising temperature stage, plasma energy is absorbed by the Cu surface, and the wafer temperature increases rapidly. Consequently, plasma-enhanced compressive stress leads to the formation of Cu hillocks. For a plasma with a higher N/H radical ratio, more N radicals diffusing to the Cu grain boundary results in more Cu-N compounds, which make up the main source of stress during H 2 /N 2 plasma cleaning. Experimental results indicate that using a plasma cleaner with an inductively coupled plasma source can achieve a lower N/H radical ratio, thus avoiding the formation of Cu hillocks. The Cu dual damascene process has been widely employed for fabricating multilevel interconnection schemes in ultralarge scale integration ͑ULSI͒ circuits. This is because Cu dual damascene wiring provides significant advantages over the conventional Al metallization process. Therefore, many issues related to this process have been studied in detail.
The Cu dual damascene process has been widely employed for fabricating multilevel interconnection schemes in ultralarge scale integration ͑ULSI͒ circuits. This is because Cu dual damascene wiring provides significant advantages over the conventional Al metallization process. Therefore, many issues related to this process have been studied in detail. [1] [2] [3] [4] [5] Some of these issues affect the yield of the via chain. [4] [5] [6] The first via approach for the dual damascene structure consists of the following sequence. ͑i͒ Via etching through the whole dielectric stack (trench ϩ via), and then bottom antireflective coating ͑BARC͒ via filling, (ii) trench lithography, (iii) BARC etch back, (iv) trench etching in fluorinated silicate glass ͑FSG͒, and then O 2 -based plasma cleaning, and (v) capping nitride removal, and then O 2 -based plasma cleaning. The schematic process is shown in Fig. 1 . Sometimes, it is difficult to stop the etch on the thin nitride film during via etching due to low or unstable oxide/nitride selectivity. Therefore, the Cu underlayer will be exposed to air after via etching. Moreover, it is observed that using only wet solvent cleaning after nitride removal will result in some residue, as shown in Fig. 2 . Therefore, it is also necessary to use plasma cleaning after nitride removal. For conventional postetch cleaning technology used in the Al interconnection process, most recipes use O 2 -based plasma with high temperatures of 250-275°C. Even though the Al underlayer is exposed to air after via or trench etching, it is notable that the thin Al 2 O 3 compound on Al surfaces is not oxidized continuously during O 2 -based plasma cleaning. However, the weak Cu oxide on the Cu surface cannot provide an effective barrier to prevent Cu bulk from continuous oxidization at high temperature. These copper oxides may possibly cause difficulty in subsequent cleaning and reduction in interconnection yield. Therefore developing a new dry cleaning technology for Cu dual damascene process is important.
According to previous studies, H 2 , N 2 , H 2 /N 2 , NH 3 , and CF 4 can etch photoresist. 7, 8 For postetch cleaning, H 2 /N 2 or NH 3 is preferred because CF 4 will attack the profile. This study mainly examines H 2 /N 2 plasma cleaning. Postetch cleaning generally includes plasma cleaning and subsequent wet cleaning. Regarding the cleaning technology of Cu dual damascene processes, some investigations are aimed at developing new solvents and enhancing cleaning efficiency. [9] [10] [11] On the other hand, some reports focus on integration issues, with only brief descriptions of the dry plasma cleaning technology. The detailed mechanism of plasma cleaning is seldom discussed. Moreover, plasma-enhanced Cu hillock formation phenomenon has not been studied. In this work, different plasma sources were used and mixed gases including H 2 and N 2 were investigated. It was found that different phenomena occur on the Cu surface under different plasma conditions. In particular, hillocks were formed on the Cu surface under some specific conditions. Prior studies have discussed the formation of hillocks on Al surface or other metals, [12] [13] [14] [15] but not on Cu surface during plasma cleaning. The mechanism of plasma-enhanced formation of hillocks was investigated. Finally, an optimized plasma cleaning technology is suggested, which can avoid both serious oxidization and formation of hillocks on Cu surface during plasma cleaning.
Experimental
Two kinds of plasma sources are used for plasma cleaning experiments, namely the surface wave plasma ͑SWP͒ source and the inductively coupled plasma ͑ICP͒ source. To evaluate the effects of different plasmas on Cu wafers, the test wafer of Cu 2000 Å/TaN 500 Å/SiO 2 5000 Å/Si structure was prepared. Both Cu and TaN were deposited using the ULVAC PVD system. Hereafter, this sample is called the Cu wafer. The H 2 /N 2 gas mixture was used in all experiments. The plasma cleaner with SWP source was SA-2000 model made by Plasma System Corporation. The new one with ICP source was a modification of the original one. The Cu wafers were exposed to a plasma environment containing two kinds of sources and gases. To understand the difficulty of applying O 2 /N 2 plasma cleaning, the Cu wafers were exposed to O 2 /N 2 plasma. After O 2 /N 2 plasma cleaning, the thickness of Cu oxide was be obtained using the transmission electron microscopy ͑TEM͒ technique and the spectroscopic reflectometry technique. After H 2 /N 2 plasma processing, the Cu surfaces could be observed using the scanning electron microscopy ͑SEM͒ technique. Energy dispersive X-ray spectroscopy ͑EDX͒ was used to analyze surface elements. To z E-mail: kangtk@fcu.edu.tw understand the mechanism for Cu hillock formation, the optical emission intensity of the plasma is observed using an optical emission spectroscopy ͑OES͒ analyzer.
Results and Discussion
All Cu wafers were exposed to O 2 /N 2 plasma. To monitor the thickness of the Cu oxide and develop a rapid measurement method, the spectroscopic reflectometry technique using a Nanospec 8000X analyzer and TEM technique were used simultaneously. The relation between the reflectance values and the thickness of the Cu oxide was established, as plotted in Fig. 3 . After O 2 /N 2 plasma cleaning, the thickness of the Cu oxide was quickly obtained from the reflectance values. Experiments indicate that the thickness of the Cu oxide at room temperature was about 10-15 Å. Moreover, the thickness of Cu oxide increased with the chuck temperature ͑25-150°C͒ and the plasma cleaning time ͑30-300 s͒, as shown in Fig. 4 . However, if the chuck temperature range was 250-275°C, the thickness of the Cu oxide was more than 160 Å in 10 s, and the color of the Cu surface changed obviously. Furthermore, the Cu peeling phenomenon often occurs at 250-275°C. According to the data mentioned above, Cu oxidization continues throughout the O 2 /N 2 plasma cleaning. Obviously, once conventional O 2 /N 2 plasma cleaning is used in the Cu interconnection process, it can result in serious oxidization of the Cu underlayer metal exposed to air after etching. Consequently, this leads to difficulty in wet cleaning and high via resistance between metals.
To develop a more reliable plasma cleaning process, the H 2 /N 2 mixture plasma is suggested for Cu dual damascene process. First, the Cu wafer was exposed to N 2 plasma with the SWP source. Compared with the control sample, the Cu surface showed no obvious change as observed by the SEM technique. However, when the Cu wafer was exposed to H 2 plasma at 250°C, many holes formed on the Cu surface, as shown in Fig. 5 . For the control sample, native Cu oxides were formed on the surface when the Cu wafer was exposed to air. As shown in Fig. 6a , copper and oxygen elements can be found using an energy dispersive X-ray ͑EDX͒ spectrometer. These data indicate that thin Cu oxides can be formed on the Cu surface at room temperature. For the sample undergoing H 2 plasma cleaning, only the Cu element could be observed, as shown in Fig.  6b . It is believed that the Cu oxide of the grain boundary is thicker in the points where grains meet, as plotted schematically in Fig. 7a . Therefore, H 2 plasma cleaning resulted in more Cu oxides from the grain boundary recovered into pure Cu and the disappearance of oxygen in these regions forming many holes on the Cu surface, as plotted schematically in Fig. 7b . When the Cu wafer was exposed to H 2 /N 2 ͑3.75-7.5%͒ plasma with the SWP source at 250°C, hillocks formed obviously on the Cu surface, as shown in Fig. 8 . Seen in Fig.  9 , the top view of the sample undergoing longer plasma cleaning inspected by the SEM technique reveals the formation of hillocks and cracks along the grain boundary. The mechanism of this hillock formation merits further investigation.
The Cu wafer was transferred from the left load-lock chamber ͑wafer chuck was set at 80°C͒ to the reaction chamber for 5-10 min ͑the wafer chuck was set at 250-350°C͒, and then transferred back. The transferring flow of the Cu wafer in the cleaning process is plotted schematically in Fig. 10 . In the reaction chamber, when pure H 2 or pure N 2 or H 2 /N 2 mixed gases was used without plasma cleaning, no obvious hillocks were formed on the Cu surface, even when the temperature of the chuck was increased up to 350°C. Some research has reported that metal ͑example, aluminum͒ has a higher coefficient of thermal expansion than silicon or silicon dioxide. [11] [12] [13] [14] When metal films on the silicon substrate or silicon oxide are heated ͑for example to 450°C sintering͒ during device manufacturing process, they undergo compressive stress, which can be relieved by hillock formation. On the contrary, when metal films on silicon substrate or silicon oxide are cooled during the device manufacturing process, they undergo tensile stress, which results in crack formation. However, no obvious change on the Cu surface was observed by the SEM technique, compared with the control sample. The experimental results mentioned above revealed that thermal stress from the chuck temperature is not the dominant mechanism for Cu hillock formation. In this case, the range of chuck temperature variation from 80 to 350°C was the largest. It is believed that the range of temperature variation was still too small to form Cu hillocks or cracks. According to the data mentioned above, hillocks occur on the Cu surface mainly after plasma cleaning. Therefore, it is believed that plasma cleaning plays a dominant role in hillock formation. Previous studies have reported that aluminum hillock growth is enhanced during the early stage of insulator deposition. The enhanced formation of hillocks is attributed to the increase in substrate temperature with the application of radio frequency ͑rf͒ power. 15, 16 To determine which factor controls hillock formation, the wafer temperature was measured in situ during plasma cleaning. Results indicate that the temperature range was 250-320°C during H 2 /N 2 plasma cleaning, as shown in Fig. 11 . As stated above, the range of temperature variation ͑250-320°C͒ was too small to form Cu hillocks and cracks. Therefore, it is believed that the dominant mechanism of Cu hillock formation is related to the plasma gaseous species.
A possible mechanism is described in the following. Plasma cleaning is divided into two stages, the initial stage and the rising temperature stage. In the initial stage, Cu oxide can be restored to pure copper during the supplying of H 2 /N 2 gas or the initial plasma cleaning. For plasma with high N/H radical ratio, the N radicals can compete with the H radicals, and then diffuse to the Cu grain boundary, where Cu-N weak compounds can be trapped. Finally, these Cu-N compounds become the main source of stress during the rising temperature stage. In this stage, the Cu surface absorbs plasma energy and the temperature of the wafer surface increases rapidly. Consequently, the Cu-N compounds in the grain boundary can enhance compressive stress during the rising temperature stage. This mechanism is plotted schematically in Fig. 12a and b. For plasma cleaner from the SWP source, the N radicals cannot diffuse to the grain boundary until the H radicals have removed all or part of the Cu oxide. Moreover, the H radicals compete with the N radicals during H 2 /N 2 plasma cleaning. According to the mechanism mentioned above, it is inferred that higher N/H radical ratio will induce more hillocks to be formed because more N radicals diffuse to the Cu grain boundary in the initial stage. However, with industrial safety taken into consideration, the ratios of H 2 flow rate must be kept below 8%. Therefore, a modified plasma cleaner with an ICP source was developed to avoid Cu hillock formation.
For H 2 /N 2 plasma cleaner with an ICP source, the optical emission intensity from 300 to 900 nm wavelength was observed using an OES analyzer. The H radicals appeared mainly in 487 and 656 nm wavelength, but all N radicals spread from the 300 to 900 nm wavelength. Results indicate that the optical emission intensity of H 656 nm radicals for the plasma cleaner with the ICP source was four times higher than that for the plasma cleaner with the SWP source, but the optical emission intensity of N radicals with more than 700 nm wavelength was a little higher for the plasma cleaner with the ICP source, as shown in Fig. 13 . Moreover, the optical emission intensity of all N radicals ͑less than 700 nm wavelength͒ for the plasma cleaner with the ICP source was similar to that for the plasma cleaner with the SWP source. Therefore, the ratios of optical emission intensity for all N/H radicals was always higher in the plasma cleaner with the SWP source compared with that with the ICP source. According to the OES analysis, it was inferred that the N/H radical ratio is higher in the plasma cleaner with the SWP source. These data indicate that the possibility of N radicals diffusing in to the Cu grain boundary was higher with high N/H radical ratio, resulting in more Cu-N compounds in the Cu grain boundary. Consequently, more Cu-N compounds in the grain boundary obviously enhanced compressive stress leading to Cu hillock formation during plasma cleaning. In this process, it is believed that a great number of H radicals played a very important role in preventing Cu hillock formation. As predicted, using H 2 /N 2 gas mixture, the plasma cleaner with the ICP source can provide a reliable process that avoids formation of Cu hillocks and serious oxidization.
Conclusions
For the Cu dual damascene process, a new cleaning technology using H 2 /N 2 plasma has been developed avoiding serious Cu oxidization. However, hillocks were formed on the Cu wafer surface when the Cu wafers were exposed to H 2 /N 2 plasma with the SWP source. The higher N/H radical ratio resulted in more Cu-N compounds in the Cu grain boundary, which became a source of stress during plasma cleaning. Experimental results indicate that using a plasma cleaner ICP source can achieve lower N/H radical ratio, thus avoiding the formation of Cu hillocks. 
